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In this study, a novel method was adopted to tailor the 

surface properties of iron. We attempted to increase the 
degradation rate of iron by H-induced damaging. Equal 
number of H ions were implanted in four samples using a 2MV 
Pelletron accelerator. But the ion distribution was varied in the 
iron matrix by adding H ion layers in successively increasing 
depths. Interesting outcomes, contrary to our assumption 
were observed. The open-circuit potential was observed to 

shift toward a stable side. The Tefal plot also revealed 
improved corrosion potential and decreased corrosion current 
by adding H layers. Crystallographic studies revealed improved 
crystallinity and a small shift in preferred orientation of crystal 
growth. 
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1. Introduction 
 

The importance of iron is well-known and it is being employed in various engineering 

applications due to superior mechanical properties, appropriate corrosion resistance at a 

wide range of pH, and availability at a cheaper cost(McNeill & Edwards, 2001; Nishikata, 

Ichihara, Hayashi, & Tsuru, 1997). Although the use of pure iron is limited due to stability 

issues because some applications demand extended stability and lesser density to strength 

ratio. Therefore, iron has been replaced by other materials like aluminum, magnesium, 

stainless steel and other alloys in various fields of applications. But this material is still 

being used in a large number of applications and the material scientists have always been 

working to counter its associated problems and to improve its properties for various 

applications. 

 

The Hydrogen being smallest in the periodic table has a degree of freedom to diffuse 

into the lattice of almost every material even at a lower temperature(Alefeld, 1078). The 

diffused hydrogen tends to accumulate at some local position in host lattice and they cause 

micro-cracks by weakening the chemical bonds. The micro-cracks are formed due to the 

formation of gas bubbles, however, the nature of the produced gas bubbles depends upon 

the host material. The trapped bubble in host matrix exerts pressure on grain boundaries, 

pushing them away from each other(Song & Curtin, 2012; Xu & Zhang, 2017).  This 

phenomenon leads to metal failure called hydrogen-induced embrittlement. HEDE 

(Hydrogen Enhanced de-cohesion) is another phenomenon which leads to crystal failure in a 

specific direction (cleavage). The failure is due to an accumulation of H atoms within certain 

regions of a crystal system, the accumulated H atoms tend to reduce cohesive forces of 

crystal lattice(Du et al., 2011). HELP (Hydrogen Enhanced Localized Plasticity) is a similar H 
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induced failure. In this case, the H atoms reduce the crystal resistance to dislocation 

motion(Myers et al., 1992).  Several methods are being applied to make the metals 

susceptible to hydrogen embrittlement. The hydrogen embrittlement hinders the use of 

several metals in different applications(Han, Xue, Fu, & Zhang, 2019). 

 

Corrosion is a similar phenomenon that eventually causes material failure. Unlike 

hydrogen embrittlement corrosion is a surface process. The surface atoms undergo 

unwanted chemical reactions with environmental species which leads to the formation of an 

oxide layer. The layer makes the surface passive to some extent. The corrosion 

phenomenon eventually causes material failure by weakening chemical bonds, loss of 

strength, and fatigue. 

 

Electrochemical corrosion is another associated problem with iron which makes the 

iron lesser suitable for various application. Iron is also an important biodegradable 

biomedical material because of biocompatibility, biocorrodibility and suitable mechanical 

properties (Hermawan, Alamdari, Mantovani, & Dubé, 2008; Li, Zheng, & Qin, 2014; 

Moravej & Mantovani, 2011). This material is also being studied for bio-resorbable 

orthopedic, cardiovascular implant and tissue engineering scaffold applications. The 

degradation rate of a biodegradable implant is important for clinical application. The 

material degradation rate should be synchronized to the healing process, and material 

should degrade after a specific time. Therefore, there should be some available techniques 

which could be employed to engineer the degradation rate of implant material. 

 

Researchers are trying different techniques for the purpose. Huang et al(Huang, 

Zheng, & Han, 2016) observed enhanced the degradation rate of pure iron by zinc ion 

implantation. Abdul Hakeem et al proposed degradation rate can be tailored by 

incorporating biodegradable polymer into porous iron(Yusop, Daud, Nur, Kadir, & 

Hermawan, 2015). Wang et al also performed a similar study to enhance bio-corrosion, 

they found the incorporation of calcium silicate particles in the iron matrix to enhance the 

degradability(Wang et al., 2017). Waksman et al carried out an in-vivo study to investigate 

the compatibility of iron stents. They implanted bio-corrodible iron stents and cobalt-

chromium stents randomly in coronary arteries of pigs. They found no adverse effects of 

bio-resorbable stents(Waksman, Pakala, Baffour, Seaborn, & Hellinga, 2008). 

 

In our study, we attempted to accelerate the degradation rate of iron by the 

deteriorating effects of hydrogen. We implanted hydrogen ions into the lattice of pure iron 

in a novel way. We observed the results contrary to our assumption, the hydrogen 

implanted iron samples are found even more stable as compared to the samples with no 

hydrogen content. Interesting degradation behavior of pure iron is observed by changing 

the number of H layers in the iron matrix. Our study suggests the hydrogen layers 

formation with the appropriate number density of hydrogen atoms in the metallic matrix 

could reduce the degradation rate of hydrogen-induced cavities. Moreover, layers formation 

could be an effective technique to modify different surface properties. 

 

2. Experimental Work 

2.1. Sample Preparation 
 

Five iron pieces having dimension 1.3cm×1cm and thickness 0.5 cm are cut from a 

sheet with the help of diamond wheel cutter. The samples are then grinded and polished 

using silicon carbide papers of different grits and diamond paste respectively. Finally, the 

samples are cleaned in ultrasonic bath in deionized water and then in acetone for 15 minute 

each. 

 

2.2. H Ion Implantation 
 

Ions are implanted at the same energy =300 keV in a single layer (ion density 

=2×1014ions/cm2). The same dose is given to the second sample but one half of the dose 

(ion density in the first layer =1×1014ions/cm2) is implanted at 300 keV and the other half 

(ion density in second layer =1×1014ions/cm2) is implanted at 350 keV which makes two 

ionic layers in the iron matrix. The number density of each layer becomes 1×1014ions/cm2. 

Similarly, in the third sample, the same dose is divided into three parts. Three layers are 
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formed, the first ion layer is implanted at 300 keV, the second layer is implanted at 350 keV 

and the third layer at 400 keV (each layer contains 0.66×1014 Ion/cm2). Likewise, four 

layers are formed in the fourth sample, the detail of energy, range of ions and number 

density is mentioned in Table1”. 

 

   We believe that the layers formation in the material lattice by varying ion 

distribution keeping the sum constant is a new technique. In our experiment the number 

density of H ions per unit area of the target is decreased sequentially. By adding the energy 

steps different layers of H are formed in the iron matrix. The ion ranges are estimated using 

SRIM simulation (Ziegler, Ziegler, & Biersack, 2010). The different range profiles at 

different energies are given in table1 (a). 

 

Table 1 

Ion distribution in different layers and projected ranges of ions at different energy 

steps (SRIM calculations) 
Samples Number of ion Implanted 

(Ion/cm2) 

Energy steps 

(keV) 

Projected 

Range(µm) 

Untreated 0 0 0 

One layer sample 2×1014 300 1.32 
Two layer sample (1 +1)×1014=2×1014 300+350 1.32+1.58 
Three layer sample (0.66 +0.66 +0.66)×1014 = 2×1014 300+350+400 1.32+1.58+1.85 

Four layer sample (0.5+0.5+0.5+0.5)×1014=2×1014 300+350+400
+450 

1.32+1.58+1.85
+2.14 

 

Table1 (a) 

SRIM simulation profiles at different energies (H ion concentrations in different 

depths) 
Samples First layer      

E= 300 keV 
Second layer         
E= 350 keV 

Third layer              
E= 400 keV 

Fourth layer            
E= 450 keV 

Untreat
ed 

    

One 
layer 
sample 

2×1014 Ion/cm2 

   

Two-

layer 
sample 

1×1014 Ion/cm2 1×1014 Ion/cm2 

  

Three 
layer 

sample 

0.66×1014 Ion/cm2 0.66×1014 Ion/cm2 0.66×1014 Ion/cm2 
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Four 
layer 

sample 

0.5×1014 Ion/cm2 0.5×1014 Ion/cm2 0.5×1014 Ion/cm2 0.5×1014 Ion/cm2 

 

2.3. Ion Dose Calculation 

 
Dose/sec = (beam current× Number of charges in 1 coulomb) ÷ beam size 

Dose= [(I×6.3×1018) ÷beam size] × time of exposure 

 

3. Characterization Techniques 
 

“The XRD analysis is carried out using PANalytic Xpert pro diffractometer. Cu 

Kα(1.541Ao) radiations are used at 40KV and 30mA for structural analysis. The diffraction 

profiles are recorded in glancing incident mode in 2θ range from 200 to 800 with a step size 

of 0.020 and total 3000 points are taken for each sample. Gamry potentiostat (1000E) is 

used for electrochemical studies of samples. The potentiostat contains a three-electrode cell 

setup, the prepared samples are used as working electrodes.  Ag/AgCl is used as reference 

electrode and graphite is used as counter electrode. All the electrochemical measurements 

are carried out at 35oC in Ringer lactate solution. Scanning electron microscope (SEM) JEOL 

JSM 6480LV is used in SEI mode (Accelerating voltage=20KV) for topographic studies of 

samples”. 

 

4. Results and Discussion 
4.1. XRD Studies 
 

 The XRD analysis is performed to investigate the impact of ion implantation on 

various crystallographic parameters by H ion implantation. The X-Ray probe depth is 

estimated using the software XPert high score plus with MAC calculator. The penetration 

depth is found 5.1 µm. 

 

The XRD profiles are shown in Fig1. The signature diffraction peaks of Fe [110] and 

[200] are observed at 2θ position approximately equal to 44.560 and 65.4040 respectively. 

The profile suggests that the preferred orientation of growth is [110] direction. The addition 

of the number of H layers increases the intensity of [110] peak while the intensity of [200] 

plane decreases. The maximum intensity of [200] plane is observed in as received sample 

(≈18.65%) while the minimum [200] peak intensity is observed in the sample implanted 

with 4 H ion layers (≈4.0%). This suggests that H ions in Fe lattice encourage 

rearrangement of crystal lattice. This is also visible in the texture coefficient profile Fig2. 

The alteration in the preferred orientation of growth is due to the energy distribution in the 

crystal lattice. The energy of incoming H ions dissipates in the lattice, allowing the grains to 

rearrange. During the rearrangement process, the grains tend to settle at the minimum 

energy position by changing the angle with respect to the previous position. A similar 

reason for the rearrangement of crystal planes is the decreased crystallite size. The surface 

of the grain boundary possesses some free energy due to unsatisfied bonds at the 

boundary. A greater number of grains per unit volume results in a larger number of grain 

boundaries. Therefore, to attain equilibrium position the grains tend to rearrange. The peak 

broadening is not observed in XRD profiles. This indicates that the H ion does not trigger 

randomness or amorphization in iron lattice. The deeper penetration of H ions requires 

greater energy to overcome the Coulomb barrier of electronic cloud and nuclear potential. 
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Figure 1: XRD profiles of samples treated with different H layers 

 

The energy of incoming H ion dissipates in target lattice by multiple factors; in 

primary collisions with target nuclei, to overcome the electrostatic potential of electrons and 

protons. The primary collision mobilizes the target nuclei which perform further collisions 

with neighboring nuclei called secondary collision. The phenomenon results in a quasi-

unstable local region which is at a higher energy state. The energy in the region allows the 

lattice to relax and rearrange. Akshaya et al (Behera, Facsko, Bandyopadyay, Das, & 

Chatterjee, 2014) working in lower energy (50 keV) regime found amorphization by 

nitrogen ion implantation at lower fluence (1015 ions/cm2) and remarkable crystallization at 

higher fluence (1016 ions/cm2). Rafique et al (Rafique, Butt, & Ahmad, 2017) reported 

greater peak intensity by H ion implantation in Zircaloy-4. Naguib et al working in lower 

energy range 2-35 keV (Naguib & Kelly, 1970) found crystallization in amorphous ZrO2 

substrates by Kr implantation.  Makinson et al (J D. Makinson, 2000) studied the diffraction 

patterns from the defects containing crystals by a computational technique. They concluded 

that the presence of point defects in crystal lattice decreases the peak intensity. 
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Figure 2: Variation in texture coefficient of (110) and (200) planes versus no of H 

layers 
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size versus H layers 

 

Lesser energy of incoming ions allows the energy distribution and localized annealing 

in a smaller region. Increasing ion energy in different steps allows the energy distribution in 

a greater region of the target material. The crystallite size as a function of H ion penetration 

depth is mentioned in Fig3 (b). The profile suggests that the crystallite size decreases by 

increasing the depth of implanted H ions. The smaller crystallite size is representative of the 

presence of imperfection in the lattice.  The size of H ions is very small as compared to the 

volume of the unit cell or the size of atoms in host lattice, therefore, it does not change the 

volume of cell or cell distortion consequently imparting no strain as shown in Fig3(a). There 

is no peak shifting as well which reveal H implantation has mild effects on the shape and 

size of the unit cell. The decreased crystallite size is attributed to the impact of accumulated 

H ions at grain boundaries. 

 

4.2. Electrochemical Study 
4.2.1.Initial Open Circuit Potential (OCP) 
 

The electrochemical studies are performed to predict the stability of fabricated 

samples in the Ringer lactate solution. OCP profiles of treated and controlled samples is 

given in Fig4. OCP value determines the initial stability of the samples; greater the OCP 

value stable will be the material. The OCP value of untreated samples lies in the middle of 

the figure. The OCP value shifts toward negative side by adding the entire H ion dose in a 

single layer. This is least stable sample it has a minimum OCP value (≈-0.40V). The initial 

OCP dramatically increases (shift to a lesser negative value) by adding a second layer of 

H+ in the iron lattice, in this case, the ion dose is same but divided into two regions by 

adding an energy step. 
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Figure 4: Variation in open circuit potential of different samples with time 
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Figure 5: Tefal plots of treated and untreated samples 
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  Further addition of a third layer further increases the OCP value. This is the 

threshold after this addition of another layer cause, a dramatic decrease of initial OCP value 

to the middle of the profiles, approximately equal to the value of untreated samples (≈-

300mV). The graph of treated samples representing OCP versus no of layers at the same 

dose is shown in Fig4. The sample implanted with three H+ layers is found to be the most 

stable sample, while the sample with one H+ is found most unstable samples(Zhu et al., 

2009). The improved stability is due to the formation of protective H layers in iron lattice. 

The prepared ion layers hinder lattice distortion by stopping atomic diffusion across the 

layer.  Xu et al restricted the hydrogen diffusion in the iron lattice by trapping hydrogen 

atoms in the vacancies produced by irradiation. They consequently observed suppressed 

hydrogen embrittlement(Xu & Zhang, 2017). 
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In our study, the abrupt decrease in OCP is attributed to the high energy of incoming 

H ions (the fourth energy step 450 keV). For the four layers sample, the energy carried by 

incoming H ions for the formation of fourth layers is highest among all the other ion 

energies (450 keV). While dissipating this larger amount of energy the incoming ions 

perform a greater number of the primary collision before coming to rest. The greater 

primary collision yields more displaced atoms in the lattice, which perform more secondary 

collisions. A bigger collision cascade is formed. Consequently, the bigger collision cascade 

disturbs other layers formed by lower energy H ions. 

 

4.2.2.Potentiodynamic Polarization 
 

Potentiodynamic polarization (PP) study is carried out to investigate corrosion 

kinetics parameters of controlled and treated samples. The Potentiodynamic polarization 

profiles are shown in Fig5. The corrosion parameters are calculated from PP profiles by Tefal 

extrapolation, different parameters are listed in Table2. Corrosion current (Icorr) is plotted 

against the number of layers in Fig. Icorr profile clearly indicates a decrease in corrosion rate 

by increasing the number of H layers without changing the ion dose. Maximum corrosion 

current (Icorr) is observed in the controlled sample suggesting the most unstable sample. 

The samples having two and three proton layers are the most stable samples among all the 

samples under study. Then the trend changes as the sample with four layers come up with 

a higher value of Icorr≈ 12.60×10-6 A/cm2. A similar profile is observed by plotting corrosion 

rate against proton layers in Fig5 (b), which signifies layers formation by increasing ion 

energy induces surface stability. The surface stability increases up to energy limit of   400 

keV, however, the surface stability decreases for 450 keV energy step, as the corrosion rate 

shift from 0.536 mpy to 5.762 mpy. The corrosion potential, corrosion current and corrosion 

rate studies are consistent with each other. 

 

Implanted hydrogen ion gets trapped in the iron lattice at vacancy and/or interstitial 

position, which may lead to the formation of Fe-H complexes. Lv et al reported by a 

theoretical simulation that the hydrogen atoms are very stable in the iron lattice at the 

vacancy position(Lv, Zhang, Zhang, & Su, 2018). The locked hydrogen changes some 

mechanical properties of host lattice; it is reported the incorporation of H atom in iron 

produces stress, strain, brittleness, and hardness (Hiroshi Nakazawa, 2011). In single layer 

deposition, Fe-H complexes are distributed within the smaller volume of the iron matrix, 

therefore the number density is greater in comparison to multiple layer samples. The 

greater number density tends to deteriorate and destabilize the crystal structure. Evenly 

distributed Fe-H complexes in larger volume lead to the formation of a stable ordered 

structure as seen in XRD patterns. Another reason for enhanced stability may be the 

incorporation of H atoms at vacancy and/ or interstitial sites produces a protective layer. 

The protective layer hinders the further diffusion of H atoms as reported by Xu (Xu & 

Zhang, 2017). In our study, multiple H layers yield multiple protective shields consequently 

enhanced stability. 

 

4.3. SEM Studies  
 

SEM studies are performed after electrochemical corrosion study of control and 

treated samples. The analysis is performed to investigate the surface morphologies after 

corrosion studies. The SEM micrographs of untreated and treated samples are shown in 

Fig6. The corrosion products and pits are visible on all the treated and untreated samples. 

The corrosion products form different morphologies on different samples. A sponge-

like morphology is observed in the untreated sample which is due to the rapid removal of 

gases from the surface as a result of corrosion. This signifies a higher corrosion rate in the 

untreated sample. The typical sponge shape morphology is not observed in any treated 

sample but the craters and dimples of different shapes and densities are observed which 

indicated pitting corrosion. Typical shapes of the linear cracks are not seen in any 

micrograph which indicates there is no hydrogen-induced damage or hydrogen 

embrittlement. 
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Figure 6: SEM micrograph of untreated and treated samples: Fig 5a: Untreated 

sample revealing sponge-like structures due to removal of gases during the 

corrosion process. Fig 5b,5c, 5d,5e and 5f showing pores and corrosion products. 

The cracks are not observed in any micrograph 

 

Conclusion 
 

H ions are made to reside within different depths of the iron matrix by giving them 

different energies. This form different proton-rich region. In the first sample, all the protons 

are implanted in a single region called a single layer, while in the second sample, the same 

ion dose is distributed in two different depths forming two proton layers. Similarly, an equal 

sum of H ions is distributed in three and four layers.  The varied number density of 

implanted H ions changes the orientation of crystal growth. The decreased crystallite size is 

attributed to the impact of accumulated H ions at grain boundaries. The improved corrosion 

potential and decreased corrosion current by adding H layers is observed using Tefal plot. 

The electrochemical studies reveal decreased corrosion current, corrosion rate, and 

enhanced corrosion potential by changing the number of H ion layers, the study suggests 

the H layers serve as a protective shield to hinder material degradation. 
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